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Abstract
A local phenomenological model that reduces to a non-local gravitational theory giving dark
energy is proposed. The non-local gravity action is known to fit the data as well as Λ-CDM thereby
demanding a more fundamental local treatment. It is seen that the scale-invariant higher-derivative
scalar-tensor theory of gravity, which is known to be ultraviolet perturbative renormalizable to all
loops and where ghosts become innocuous, generates non-locality at low energies. The local action
comprises of two real scalar fields coupled non-minimally with the higher-derivative gravity action.
When one of the scalar acquiring the Vacuum Expectation Value (VEV) induces Einstein–Hilbert
gravity, generates mass for fields, and gets decoupled from system, it leaves behind a residual theory
which in turn leads to a non-local gravity generating dark energy effects.
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I. INTRODUCTION
Dark Energy (DE) is a puzzling problem observed in the Universe at cosmological scales,
where the Universe undergoes accelerated expansion [1, 2]. Numerous efforts to understand
the fundamental nature of it has been considered: quintessence [3–6], Λ-CDM, K-essence
[7–9], but so far Λ-CDM is a winning candidate fitting the data.
It is reasonably well understood that a slowly rolling scalar give rise to negative pressure
generating dark energy effects, which is the case in quintessence model [3–6] and k-essence
model [7–9]. Beside the existence of other possibilities, an interesting proposal involving
non-locality has been proposed recently [10–12], where it was noticed that a particular kind
of non-locality generates late-time accelerated expansion in the Universe fitting the dark-
energy data as well as Λ-CDM [13, 14]. However, a fundamental local explanation for it
is currently lacking. Although, such non-localities can possibly arises as a consequence
of quantum effects leading to energy dependence in coupling parameters (g(µ) → g(−),
where  is the square of covariant derivative while g is some coupling of the theory), where
the infrared behaviour of the running couplings leads to non-local modification of gravity
[15, 16], it was only recently [17] a model has been proposed where non-locality arises via
decoupling of fields starting from a fundamental theory.
The scale-invariant higher-derivative induced gravity model coupled with scalars, under-
goes symmetry breaking via quantum corrections [18], thereby inducing mass for the scalar
leading to its decoupling [19, 20]. In a model comprising of more than one scalar, if one of
the scalar gets decoupled, a phase of accelerated expansion is achieved at late times arising
due to the generation of non-locality following the integration of residual scalars [11, 12, 14].
The outline of paper is as follows. In section II and III a brief review of the non-local
gravity and induced gravity respectively is given. Section IV covers on the non-local model
of gravity, while V presents conclusions.
II. NON-LOCAL GRAVITY
In non-local gravity, the purpose is to implement a modification in the behaviour of
gravity at very large distances or late times of Universe. First proposal came in [21] where
the General Relativity (GR) equations were phenomenologically modified to(
1− µ2−1)Gµν = 8πGTµν , (1)
where µ2 is the scale at which non-locality enters, Gµν is the Einstein tensor for the metric,
G is the gravitational coupling constant, and Tµν is the energy-momentum tensor. Lack of
commutativity of ∇µ with −1 on curved space-time implies non-conservation of energy-
momentum tensor, indicating a much needed modification of above [22]. However this leads
to unstable cosmic evolution [23, 24]. A successful non-local model, free of instabilities was
given in [23]
Gµν − µ
2
3
(
gµν
−1R
)T
= 8πGTµν . (2)
This model being devoid of Veltman-Zakharov discontinuity, makes a smooth transition to
GR when µ2 → 0. Beside having a stable cosmic evolution at various eras, the non-locality
at late-times is seen to gives rise to dark energy [23, 24]. Furthermore, it produces a good
behaviour of cosmological perturbations in scalar [25] and tensor sector [14], agrees very well
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with the CMB, supernova, Baryon Acoustic Oscillations (BAO) and structure formation
data [25, 26]. This model named RT -model (where R stands for Ricci Scalar while T refers
to transverse part) is seen to be statistically indistinguishable from Λ-CDM [13, 14]. This
model interestingly is closely related to following non-local action,
SNL =
M2P
2
∫
d4x
√−g
[
R− µ
2
6
R−2R
]
, (3)
where MP is the reduced Planck mass, which generates equation-of-motions (EOM) whose
linearisation around flat space matches the ones obtained from Eq. (2), lacking a match at
non-linear level. This model named RR-model works well at background level [10], matching
with data [14, 25] (although it does not fit as well as Λ-CDM). Exploiting the arbitrariness
associated in describing the non-local model at the level of action, it is seen that the following
non-linear extension
SNL =
M2P
2
∫
d4x
√−g
[
R− µ
2
6
R (−+ ξR)−2R
]
, (4)
(where ξ is a dimensionless parameter) does a very good job in matching the data, and they
get inspired from the realisation that the RT -model is a non-linear extension of RR-model
[11]. This model has been studied extensively and can fit the DE data nicely (statistically
as well as Λ-CDM).
III. INDUCED GRAVITY MODEL
The induced gravity model comprises a scalar field non-minimally coupled with higher-
derivative gravity, whose action is of fourth order. The corresponding quantum theory is
known to be renormalizable to all loops [27], and was recently shown to be unitary [30, 31]
(see also references therein). It then offers a sufficiently simple quantum field theory of
gravity which can be used to investigate physics at ultra-high energies.
In this scale-invariant model the scalar acquires a VEV giving rise to gravitational cou-
pling and masses for the fields. Lack of any dimensionful parameter in the scale-invariant
theory makes it perturbatively renormalizable to all loops [32]. Some of the first studies of
such systems were done in [29, 32–34], where the behaviour of parameters under radiative
corrections were done.
Recently this topic has gained renewed interest [35, 37–40]. Here a scale is generated dy-
namically, starting from a scale-invariant system by transforming the system from Jordon to
Einstein frame where the potential acquires a VEV resulting in scale-generation. However,
unitarity isn’t explored 1 It is seen in [18] that the Jordan frame theory under quantum cor-
rections induce ghost mass which is always above energy scale, thereby making it innocuous.
The renormalizable and UV well defined scale-invariant action that one considers here is
SGR =
∫
d4x
√−g
[
1
16π
{
− 1
f 2
(
RµνR
µν − 1
3
R2
)
+
ωR2
6f 2
}
+
1
2
∂µφ∂
µφ− λ
4
φ4− ξ
2
Rφ2
]
, (5)
where the coupling f 2, ω, λ and ξ are all dimensionless, while the curvature and covariant-
derivative depend on metric gµν . Decomposing the metric gµν = g¯µν + hµν (where g¯µν is
1 In [36] a quantum mechanical treatment of higher-derivative theories is attempted, whose suitable gen-
eralisation is expected to offer a treatment of ghosts in higher-derivative gravity.
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background and hµν is fluctuation), leads to propagator of the fluctuation field hµν and
its various couplings. On flat space-time the propagator of quantum metric fluctuations in
momentum space (for the Landau gauge condition ∂µhµν = 0) is given by,
Dµνρσ = (∆−1G )
µνρσ = (16π)
f 2
q4
(
−2P µνρσ
2
+
1
ω
P µνρσs
)
, (6)
where (P2)µν
αβ =
[
Tµ
αTν
β + Tµ
βTν
α
]
/2 − (1/(d − 1))TµνT αβ and (Ps)µναβ = (1/(d −
1))Tµν T
αβ are spin projectors, while Lµν = qµ qν/q
2 and Tµν = ηµν − qµ qν/q2. The coupling
signs are chosen such that tachyons don’t get generated after symmetry breaking [18], which
implies f 2 > 0, ω > 0, λ > 0 and ξ > 0 (for the details on this choice of signs see [18, 41]).
VEV generated via quantum corrections leads to generation of mass m2s = 3/2λκ
2 and an
effective Newton’s constant G−1 = 8πξκ2 with the right sign. The graviton propagator after
the symmetry breaking is following [18]
Dµν,αβ = 16πG ·
[
(2P2 − Ps)µν,αβ
q2 + i ǫ
+
(Ps)
µν,αβ
q2 −M2/ω + iǫ −
2 (P2)
µν,αβ
q2 −M2 + iǫ
]
, (7)
where the masses M2 = 8πf 2 · ξκ2 and M2/ω = 8πf 2ξκ2/ω. It clearly shows the instability
caused if ω < 0 due to generation of tachyons [18, 30, 31, 41]. The last term of the propagator
in the broken phase (7) has a wrong sign leading to trouble with unitarity, which is a
consequence of higher-derivatives. If the generated mass of this ghost is such thats its
mass remains always above the energy scale, then it becomes innocuous. Pure higher-
derivative gravity without matter [30, 31] indeed witnesses such a phenomena making the
ghost innocuous for a large domain of coupling parameter space. This is repeated for the case
of induced gravity [18]. However, in the case of induced gravity it is furthermore seen that
the scalar which acquires a VEV, gets decoupled from the system in the same manner as for
the higher-derivative ghost. Such a decoupling implies natural consequences in cosmology.
IV. LOCAL TO NON-LOCAL
The kind of non-local action stated in Eq. (4) is seen to naturally arise in a gener-
alised induced gravity scenario [17]. In induced gravity scenario [17], the scalar responsible
generating VEV, mass scale, Newton’s constant, gets decoupled from the system when the
higher-derivative ghosts are evicted. Therefore such decoupling can be exploited to con-
struct models giving rise to non-localities in deep infrared. A two-scalar field model coupled
non-minimally to gravity is considered
S =
∫
d4x
√−g
[
1
16π
{
− 1
f 2
(
RµνR
µν − 1
3
R2
)
+
ωR2
6f 2
}
+
R
2
ΦT ξΦ
+
1
2
ΦT (−)Φ − V (ΦTΦ)
]
, (8)
where Φ = {φ, χ} is a two real scalar field doublet. It is an extension of model stated
in Eq. (5), where the signs of parameters are taken as before to ensure stability and
avoid tachyons. The dimensionless parameter ξ is a matrix whose entries are given by
ξ = {{ξ1, ξ12}, {ξ21, ξ2}}. This is a renormalizable scale-invariant action [27, 32], where the
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addition of an extra scalar doesn’t hinders the well-defined ultraviolet behaviour of the-
ory and unitarity [18]. The φ4 form of potential is considered as it obeys scale symmetry
and renormalizability, this means V (ΦTΦ) = 1
4
(ΦT · λ · Φ)2, where the coupling matrix
λ = {{λ1, λ12}, {λ21, λ2}} consist of only dimensionless entries. Here one of the scalar φ
acquires VEV following Coleman-Weinberg procedure as in [18], which leads to generation
of masses and effective Newton’s constant. The fluctuations around VEV denoted by ϕ gets
decoupled from the system eventually which is noticed from renormalisation group evolution
[18]. The fluctuation field ϕ couples with the other scalar field χ and its action is given by,
S =
1
2
∫
d4x
√−g
[
κ2ξ1R + 2κξ1ϕR + ϕ(−+ ξ1R)ϕ+ κ(ξ12 + ξ21)Rχ
+ϕ(−2+ ξ12R + ξ21R)χ+ χ(−+ ξ2R)χ− 1
2
{
λ1κ
2 + 2λ1κϕ+ (λ12 + λ21)κχ
+λ1ϕ
2 + (λ12 + λ21)ϕχ + λ2χ
2
}2]
. (9)
In special scenario when (λ12+λ21) = 0, many terms disappear leading to a simplified form.
In this special case mixing disappears with the induced mass for the fields ϕ and χ given by
m21 = 3λ
2
1κ
2 and m22 = λ1λ2κ
2 respectively. The interaction piece in this special case is
I = −1
4
λ2
1
κ4 − λ2
1
κ3ϕ− λ1κϕ
{
λ1ϕ
2 + λ2χ
2
}− 1
4
{
λ2
1
ϕ4 + 2λ1λ2ϕ
2χ2 + λ2
2
χ4
}
. (10)
Following [17], the dynamical evolution equations for fields ϕ (fluctuation) and χ is obtained
by varying the full residual action. Although these are coupled non-linear differential equa-
tions, they achieve simplification with the decoupling of scalar ϕ and for small interaction
strengths (which is the case in cosmological scenarios). In scale-invariant higher-derivative
gravity Eq. (5), this phenomena naturally occurs when scale-symmetry gets broken. In
this case the induced mass of the scalar is always above the energy scale leading to its de-
coupling from the system [18]. This implies m2
1
/E2 > 1 (E is the running energy), which
physically means that the particle doesn’t go on-shell. In deep infrared it is seen that this
ratio m2
1
/E2 ≫ 1 gets translated to m2
1
≫ . This offers simplification in our system of
equations
ϕ = −1
3
κ− 1
m21
(
χ− (ξ12 + ξ21)Rχ
2
)
, (11)(
−+ ξ2R − 4
9
m2
2
)
χ+
(ξ12 + ξ21)R
3
κ = 0 , (12)
where we have ignored non-linear interactions which are higher-order. The second equation
can be easily solved after inverting the operator. This then appears as a constraint in the
system after decoupling of the ϕ has occurred. Plugging back the solution for ϕ from Eq.
(11) in the action, generates leading and sub-leading terms. The sub-leading part (which is
of O(1/m2
1
)) can be safely ignored under decoupling. To leading order the action is given
by,
S =
∫
d4x
√−g
[
− 4
81
m2
1
κ2+
2ξ1
9
κ2R+
ξ12 + ξ21
3
κRχ+
1
2
(∂χ)2+
ξ2
2
Rχ2− 2
9
m2
2
χ2− 1
4
λ2
2
χ4
]
.
(13)
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Decoupling results in a residual action for field χ, the matter field χ couples non-minimally
with the with the background space-time. Although symmetry breaking generates a large
cosmological constant, but its effects gets shielded under the vanishing of gravitational cou-
pling in infrared, which happens in induced gravity coupled with higher-derivatives (see Eq.
(73), Fig. 7, Fig. 11 and Fig. 13 of [18]). Even in pure higher-derivative gravity [30, 31]
(and in case of gravity coupled with gauge fields [42, 43]) such vanishing of gravitational
coupling is seen. Moreover, the field χ slow rolls when coupling λ2 and mass m
2
2
is small,
leading to ignoring of the kinetic term of the field χ. The field χ no longer has dynamics
in this slow-roll regime. Its coupling with the background picture drives the dynamics of
space-time. In this if the following approximation holds
2ξ1
3(ξ12 + ξ21)
≫ χ
κ
≫ 2(ξ12 + ξ21)
3ξ2
, (14)
then the linear χ term contribution gets suppressed by contributions from quadratic and
quartic piece in χ, and the induced Einstein-Hilbert piece [17]. This leave us with a reduced
action for field χ.
S =
∫
d4x
√−g
[
2ξ1
9
κ2R +
ξ2
2
Rχ2 − 2
9
m22χ
2 − 1
4
λ22χ
4
]
. (15)
This action however comes with constraint Eq. (12). Plugging back this constraint in this
residual action leads to a non-local version of the theory
SNL =
∫
d4x
√−g
[
2ξ1
9
κ2R − 2m
2
2
κ2(ξ12 + ξ21)
2
81
R
(
− + ξ2R− 4
9
m22
)−2
R
+
ξ2κ
2(ξ12 + ξ21)
2R
18
{(
−+ ξ2R− 4
9
m2
2
)−1
R
}2
×− λ
2
2
κ4(ξ12 + ξ21)
4
324
{(
− + ξ2R− 4
9
m2
2
)−1
R
}4]
. (16)
This is a low energy gravitational action where the first term is the induced gravitational term
which controls the dynamics at astronomical scales agreeing with Einstein-Hilbert gravity
while other terms are generated under decoupling and approximations. These are non-
local gravitational interactions dictating the behaviour of gravitational interactions at large
cosmological scales. It can be understood as a heuristic derivation of the non-local action that
has been studied extensively in [11, 12, 14] and is seen to agree with the various cosmological
data as good as Λ-CDM. Defining the induced Newton’s constant as 9/(32πG)−1 = ξ1κ
2,
and pulling out the factor of Planck’s mass from the action allows to make comparison with
the existing models in [11, 12, 14]. This will become
SNL =
M2p
2
∫
d4x
√−g
[
R− µ
2
6
R
(
−+ ξ2R− 4
9
m22
)−2
R
+ρ2
1
R
{(
−+ ξ2R − 4
9
m2
2
)−1
R
}2
− ρ2
2
{(
−+ ξ2R− 4
9
m2
2
)−1
R
}4]
, (17)
where M2P = (4ξ1κ
2)/9 is the reduced Planck’s mass and
µ2 =
2(ξ12 + ξ21)
2m2
2
3ξ1
, ρ21 =
ξ2(ξ12 + ξ21)
2
4ξ1
, ρ22 =
λ2
2
M2P (ξ12 + ξ21)
4
32ξ21
, (18)
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are the parameters defined to make connection with the original non-local model defined in
Eq. (4). As seen from [11, 12, 14] the mass scale µ should be quite small (of the O(H0)
which is O(10−32) eV) in order to explain current accelerated expansion of the Universe.
The authors of these papers further mentions that the fundamental length scale that enters
the physics system is ΛRR and is related to µ
2 via M2P as Λ
4
RR = M
2
Pµ
2/12. For our present
case this implies that ΛRR is related to the m2 and κ in the following way
Λ4RR =
2
81
(ξ12 + ξ21)
2m22κ
2 . (19)
This means if µ ∼ O(H0) then ΛRR ∼ 10−3 eV. In well known grand unified theory (GUT)
models, if the scale symmetry breaks around GUT scale resulting in generation of induced
Newton’s constant, then this will imply that VEV κ ∼ 1016 GeV and correspondingly ξ1 ∼
100. The mass of the scalar χ can be extracted following Eq. (19), which ism2 ∼ 10−30(ξ12+
ξ21)
−1 eV. Renormalizability, scale-invariance and unitarity offers sufficient freedom to choose
parameters (ξ12+ξ21) allowing one to have a reasonablem2. This generalised induced gravity
model model which has a well-defined UV completion and ghosts are innocuous can then be
seen to offer an interesting picture low-energy picture, where non-local interaction emerges
in deep infrared leading to accelerated expansion at cosmological scales.
V. CONCLUSION
An attempt has been made in order to understand dark energy which is causing the
accelerated expansion of the universe. A local model is presented which is an ultraviolet
well behaved Quantum Field Theory. It is a scale-invariant, perturbatively renormalizable
model which is devoid of tachyons and where ghosts have been eradicated [18, 28–31]. A
two scalar-field model is considered which couples non-minimally with the scale-invariant
higher-derivative gravity. One of the scalars develops a VEV and in turn induces low energy
Einstein gravity and masses for fields. This scalar eventually decouples from the system as it
becomes very massive in infrared and leaves behind a simplified system of residual scalar field
coupled non-minimally with gravity. This residual local field theory model leads to non-local
gravity action whose leading term matches the non-local gravity action studied extensively
by [11–14, 26] to offer an alternative explanation for dark energy. This local scale-invariant
system then offers a very nice explanation for the non-local gravity considered in [11–14, 26].
The local model is not only scale invariant but also, being renormalizable and unitary, has
a well defined UV completion. Furthermore, it offers a “meaning” to the parameter µ2 (or
ΛRR) and gives a possible explanation for them.
The purpose of this work is to offer a possible local explanation for the non-local model
considered by [11–14, 26]. This non-local model has been verified against various cosmolog-
ical data sets, and is seen to be as good as Λ-CDM. This motivated us to seek a possible UV
complete local theory which results in this particular non-local gravity action. Having suc-
ceeded in finding such a local theory, it is now important to do a more detailed study of the
same. This involves, for example, investigating duration of the radiation/matter dominated
era and other cosmological scenarios, which will be done in future work.
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